A surface bidirectional reflectance distribution function (BRDF) depends on both the optical properties of the material and the microstructure of the surface and appears as combination of these factors. We propose a method for modeling the BRDF based on a separate optical-property (refractive-index) estimation by polarization measurement. Because the BRDF and the refractive index for precisely the same place can be determined, errors cased by individual difference or spatial dependence can be eliminated. Our BRDF model treats the surface as an aggregation of microfacets, and the diffractive effect is negligible because of randomness. An example model of a painted aluminum plate is presented.
Introduction
Modeling the reflection of light from objects' surfaces is a significant issue for generating realistic computer graphic images and estimating the performance of electro-optical sensor systems. The bidirectional reflectance distribution function (BRDF), defined as the ratio of the reflected radiance to the incident flux per unit area, is widely used to characterize the behavior of diffuse and specular reflection on surfaces. The BRDF requires four angle variables: zenith and azimuth angles of the incident light and those of the reflected light. The BRDF may be changed by the polarization states of the incident light. For example, when the BRDF follows Fresnel reflectance, the polarized light perpendicular to the incident plane reflects more than the polarized light parallel to the plane. 1 Ellipsometry uses these phenomena to investigate surface properties, 2 and some sensor systems have been proposed that recognize the difference between the surfaces of target objects and of a background by their polarization states. [3] [4] [5] It is desirable that the reflectance model include polarization characteristics for estimation of the performance of these systems.
A BRDF depends on the optical properties, e.g., the refractive index, of the material and on the microstructure, e.g., roughness, of the surface and appears as a combination conjunction of these factors. Many types of empirical and theoretical BRDF models have been proposed. The empirical modeling approach is to fit discrete functions or high-order polynomials to the measured BRDF data. General optimization techniques for minimizing errors in the measured data, such as least-squares fitting, can be applied in the modeling procedure. As simple examples of this approach, models that include interpolation or extrapolation methods or both were reported. 6, 7 The unmeasured BRDF values can be obtained by interpolation or extrapolation of the measured BRDF data in these methods. Claustres et al. proposed wavelet models, which can effectively reduce the number of modeling parameters. 8 The theoretical modeling approach is to resolve the reflected light into distinctive features, e.g., a diffuse component and a specular component, based on physical phenomena. Then each component of the model is parameterized in terms of the measured BRDF data. This approach can provide physically consistent reflectance values, even for unmeasured angle conditions.
Harvey proposed a BRDF model of the latter approach based on diffraction theory. 9 He dealt with the surface as a superposition of sinusoidal phase gratings, assuming that the BRDF is shift invariant with respect to the angle of the incident light. Barkas treated the surface as an aggregation of randomly tilted microfacets. 10 His model divided the facets into two kinds: facets that reflect the light according to Fresnel's equation and other facets that diffuse it according to Lambert's law. The light reflected by these two kinds of facet comprises a specular component and a diffusion component. Other types of treatment of the microfacets were proposed; e.g., diffusion components are caused by the volume reflection inside the material 11 or by multiple reflections at the surface. 12 As an alternative to the tilted microfacets, Duncan et al. regarded the surface as a continuously curved continuum and characterized the reflection by spatial-frequency analysis. 13 Thomas et al. introduced a three-component model from their empirical insight: specular, angle-distributed diffuse, and Lambertian components. 14 Raven et al. derived the diffuse component by considering the structure of paint coatings as the material with inhomogeneous refractive indices. 15 Schlick proposed a method for estimating the weights of the specular and the diffuse components, which vary according to the angle of light incident upon the paint coatings. 16 Arma and coworkers characterized the diffuse reflection of rough opaque surfaces and thin-film multilayers based on the use of electromagnetic theories and atomic-force microscopy. 2, [17] [18] [19] [20] They used two reflectance models, first-order vector theory and a rigorous model, depending on the roughness.
For the reflectance models derived from these theoretical approaches, the specular component is formulated by use of Fresnel's equation. Fresnel's equation is derived by electromagnetic theory for wave propagation of a smooth interface and is considered to be suitable for modeling the reflection of partially smooth surface structures larger than the wavelength. The calculation of Fresnel's equation requires that the incident angle of the light and the complex refractive index of the material be known. The incident angle can be determined from the geometry of the incident light and the reflected light. The complex refractive index is generally referred to in handbooks on materials or typical samples measured in previous works. However, the actual value of the index of every sample is not always consistent with the common value of the index. Individual differences and spatial dependence of the index generally exist, so their influence may cause errors in the reflectance model.
In this paper we propose the simultaneous measurement of the BRDF and the complex refractive index based on the microfacet model. Our method facilitates separate estimation, by polarization measurements, of the refractive index and of the effects of the microstructure of the surface. We measure the polarization properties of the BRDF and analyze the degree of polarization of a single reflection component for the complex refractive index. The analysis is based on Fresnel's equation and can be applied to either a homogeneous or an inhomogeneous surface. Because the BRDF and the complex refractive index at precisely the same place are obtainable by measurement, the errors cased by individual differences or spatial dependence can be eliminated. Polarization measurement and BRDF modeling of a painted aluminum plate are described below. The range of the wavelength band was 8-13 m, and the roughness of the painted surface seems larger than the wavelength, for which the microfacet model is suitable. The diffractive effect caused by the roughness is assumed to be negligible because of the randomness of the roughness.
Reflectance Model
The surface of an object is assumed to be an aggregation of microfacets, as described previously. 10 -12 Figure 1 illustrates a partial cross section of a material structure whose microfacets are tilted randomly. The average direction of the normal vectors of the facets is coincident with the normal vector of the surface.
The BRDF model proposed in this paper consists of two components: a single-reflection component and a multiple-reflection component. The single-reflection component corresponds to light reflected once at the microfacets. The reflectance and the polarization characteristics of the reflected light are defined by Fresnel's equation. The components show an angle spread caused by the tilt-angle distribution of the microfacets. The multiple-reflection component is the result of light reflected inside the material or of light reflected multiple times at the microfacets. This component follows Lambert's law, and the reflected light is assumed to be unpolarized. Therefore the reflected light of this component is independent of the direction and the polarization states of the incident light.
First, angle variables are defined to describe the BRDF. We set the origin of the coordinate system as the reflection point and the z axis parallel to the normal vector of the surface, as shown in Fig. 2 . Variable i is the angle of the light incident onto the surface, and r is the angle of reflected light. i is the azimuth angle of the incident light and r is the azimuth angle of the reflected light. ␣ and ␤ are the zenith and azimuth angles, respectively, of the normal vector of the microfacet on which the light reflects. is the angle of incidence of the light onto the microfacet. Because the microfacet reflects light by mirror reflection, i.e., the reflected angle equals the incident light, angle variables ␣, ␤, and are ob- tained from other variables, as follows:
cos 2 ϭ Ϫsin i sin r cos( r Ϫ i ) ϩ cos i cos r . (3) As was mentioned above, the BRDF model contains single-and multiple-reflection components; therefore BRDF f͑ i , i , r , r ͒ is formulized as follows:
where single and multi are numerical parameters that determine the reflectance of the single-and multiplereflection components. When single is large, the highlight about the mirror direction becomes significant, and when single ϭ 0 the surface is a perfect diffuser. 11 R͑ñ , ͒ is the Fresnel reflectance of the microfacet and is calculated from a geometric relation and the material characteristics, that is, incident angle and complex refractive index ñ . g͑␣, ␤͒ is the distribution function of the tilt angle of the microfacets, and it is normalized by ͵ Ϫ ͵ 0 ͞2 g͑␣, ␤͒d␣d␤ ϭ 1. When the surface is homogeneous, g͑␣, ␤͒ is independent of ␤; i.e., the tilt-angle distribution of the microfacets is invariant over the azimuth angle. Equation (4) contains two ambiguous functions, R͑ñ , ͒ and g͑␣, ␤͒. These functions cannot be distinguished by the measured BRDF data, as they are interdependent in the equation. Thus we extend Eq. (4) by polarization measurement to eliminate g͑␣, ␤͒.
The BRDF model for polarized light becomes
where m ϭ p, s. The subscript s denotes the variable for the TE-polarized light whose electric field is perpendicular to the incident plane, that is, it is s polarized. The subscript p denotes the variable for the TM-polarized light, whose electric field is parallel to the incident plane, that is, it is p polarized. Here we introduce the polarizance P͑ñ , ͒, which is the degree of polarization of the reflected light when unpolarized light in incident onto the surface. 21 Following its definition, P͑ñ ͒ is calculated by Fresnel reflectance R m ͑ñ , ͒ as
Substituting Eq. (5) into Eq. (6), we can eliminate the ambiguous function g͑␣, ␤͒ as
According to Eqs. (6) and (7), refractive index ñ can be obtained by solution of the inverse problem to match the theoretical model and the experimental data, similarly to ellipsometry. Equation (6) shows the theoretical model of the polarizance, and the polarizance can be obtained as a function of incident angle by substitution of refractive index ñ . Equation (7) shows the experimental polarizance, and the polarizance is calculated by the measured BRDF data of s-and p-polarized states, f s ͑ i , i , r , r ͒ and f p ͑ i , i , r , r ͒, respectively, and constant parameter multi . Note that the definition of the incident angle for the polarizance is not the angle to the surface but the angle to microfacet of Eq. (3), following our reflection model. The parameters ñ and multi were determined, by means of a general optimization technique, such as least-squares fitting, to match the two values of the polarizance.
Then the remaining unknown function in Eq. (5) g͑␣, ␤͒d␣d␤ ϭ 1. When the microscopic profile of the surface structure is available, g͑␣, ␤͒ can be formulated from the derivative of the profile as well. For a homogeneous surface, g͑␣, ␤͒ is rotationally invariant and becomes a function of only ␣, the angle between the normal vectors of the surface and the microfacet.
Measurement and Modeling
Here we give an example of the proposed measurement and modeling method of the BRDF. As mentioned above, the proposed measurement requires knowledge of polarization properties. Figure 3 shows the instrumental setup for the BRDF measurement. The range of the measured wavelength band is assigned to be 8-13 m, so a cavity blackbody is used as a light source, from which the radiated infrared light is ensured to be unpolarized. The light that has diverged from the source is collimated by a parabolic reflector. Because the reflection angle on the reflector is small, the polarization caused by the reflector is assumed to be negligible. The collimated light travels into the sample surface and then propagates to a linear polarizer after reflection on the sample surface. The polarizer transmits only one polarized state of the light, so linearly polarized light of a desired direction can be extracted. The transmitted light is converted to an electric signal by the detector in proportion to the radiance, and the signal is transferred to a computer. Finally, the computer analyzes the BRDF by definition: the ratio of the reflected radiance to the incident flux per unit area on the sample surface.
In the measurement system, the sample is fixed to a two-axis stage rotating horizontally and vertically. The detector and the polarizer are assembled together, and they can be rotated horizontally about the sample. The rotations of the sample stage and the detector assembly can change the incident and reflected angle conditions in the zenith and azimuth directions.
As the wavelength band is 8-13 m, infrared heat radiation generated by the surroundings becomes measurement noise. To reduce its influence on the signals, we modulate the source light at a fixed frequency with a mechanically rotating chopper. Only signals synchronized with the chopper's frequency are collected by the lock-in amplifier.
As shown in Eq. (7), only two radiance data of polarized states, p-polarized and s-polarized, are required for analysis. However, we acquire the series of signals of polarized states during the polarizer's continuous rotation. By fitting a sine function to the series of data, we have improved the accuracy of the measurement spectacularly compared with that obtained with the two-state measurement. Now we show BRDF measurement and modeling of a painted aluminum plate. Figure 4 shows the experimental data and the theoretical model of polarizances P for the single-reflection component. In the figure the experimental data calculated by Eq. (7) are drawn as open circles and the theoretical model calculated by Eq. (6) is drawn as a solid curve. The experimental data contain various angle conditions for i , r , i , and r . As the single-reflection component of our reflection model is represented as a Fresnel reflection of the microfacet, the horizontal axis of the figure is the angle of the light incident onto microfacet , which is calculated with Eq. (3). The parameters ñ and multi in Eqs. (6) and (7) are determined to match experimental and theoretical polarizances. As a result, we obtained the complex refractive index as ñ ϭ 1.5 Ϫ 0.2i, and this value is used for the further analysis. Figure 5 shows the proposed BRDF model compared with the measured data. In this figure the angle of the incident light is 30°, and the BRDF on the incident plane is shown. From Fig. 5 , the BRDF model shows good agreement with the measured data over a wide range of the reflection angle. Both the measured and the modeled BRDFs show slight asymmetry about the mirror-reflection angle, 30°; the BRDF drops faster in the smaller angle region than in the larger angle region.
Because the measured painted aluminum plate evidently has no directional distinction, such as brush trails and linear cracks, the plate is assumed to be homogeneous. Therefore g͑␣, ␤͒ can be treated as rotationally symmetric and independent of azimuth angle ␤. The formulation of g͑␣, ␤͒ was determined empirically to follow the measurement. For simplic- ity, we adopted two separate models for g͑␣, ␤͒ in regard to the reflection angle: A linear function is used about the direction of mirror reflection, and an exponential function is applied outside the angle region. Because g͑␣, ␤͒ is symmetric about the mirrorreflection angle, the asymmetry mentioned above is caused by the characteristics of Fresnel reflection. Figure 6 shows the BRDFs for both polarized states of incident light, s-polarized and p-polarized states, separately. The difference between two polarized states of the proposed model is caused by the ratio of the single-and multiple-reflection components and the Fresnel reflection of the microfacets. Each modeled BRDF also shows good agreement with the measured data, so it is confirmed that the model is appropriate for characterization of the polarization property. Thus the proposed BRDF model can also be implemented as a performance estimation model of the polarization-state sensing systems.
Conclusions
Physically based modeling of a BRDF requires knowledge of the complex refractive index of the material because specular reflection is considered to follow Fresnel reflection of the microfacets. A method for simultaneous measurement of the BRDF and the complex refractive index has been proposed in this paper. The proposed method facilitates separate estimations of the refractive index and of the effects of the microstructure of the surface by use of polarization measurement. With this method we can model the reflectance of materials whose complex refractive indices are unknown. In addition, the ability to measure the BRDF and the index at exactly the same place on the test sample eliminates errors caused by individual differences and spatial dependence.
As an example of the experiments that can be performed, the BRDF model and its polarized state of a painted aluminum plate were shown. The results led to the conclusion that the proposed model shows good agreement with measured data over a wide range of reflection angles. The agreement of both polarized states is confirmed; the proposed model can be applied for estimation of the performance of sensing systems by use of its polarization properties.
